The laser wavelength of a band-edge liquid crystal laser is known to vary in a stepwise fashion with temperature. This report describes a method for removing the discontinuous shifts in the laser wavelength by doping a nematic sample with two different chiral dopants which exhibit opposing dependences of the natural pitch on temperature. On cooling from the isotropic phase to room temperature the total shift of the laser wavelength is 15 nm with no discontinuities. This is in contrast to that observed for samples consisting of only one chiral dopant whereby the wavelength shift was as large as 75 nm for the same temperature range.
I. INTRODUCTION
Chiral nematic liquid crystals ͑LCs͒ are one of the best examples of a naturally forming periodic dielectric structure. If subjected to planar-aligned boundary conditions, such as rubbed polyimide, a photonic band gap ͑PBG͒ for visible light can be observed when the condition of 350 nmՅ n av p Յ 750 nm is satisfied: where n av is the average refractive index and p represents the helical pitch. It is well known that this helical pitch is sensitive to external stimuli such as temperature and electric fields. Consequently, the combination of the reflection of visible light and the sensitivity of the helical pitch to external stimuli has enabled chiral nematic LCs to be exploited in applications such as thermochromic sensors and reflective displays for handheld devices and outdoor signage. 1 When confined between conventional glass substrates, the pitch of a chiral nematic LC is known to vary with temperature in a stepwise manner so as to ensure that a one half-integer number of turns fit between the boundaries. This discontinuous behavior is manifested as discrete changes in the wavelength of the PBG. Belyakov and co-workers, [2] [3] [4] in particular, has studied this dependence in great detail by considering the importance of the surface anchoring energy. The wavelengths of the PBG, to a first approximation, depend upon the pitch and the refractive index. Both of these parameters depend upon the temperature; therefore, explicitly ͑T͒ = n͑T͒p͑T͒. Typically, for thin films of chiral nematic confined between glass substrates, thermally induced changes in n͑T͒ account for continuous changes in ͑T͒, whereas thermally induced changes in p͑T͒ are responsible for the discontinuous changes in ͑T͒.
Several reports have shown that this stepwise behavior can be manifested as discrete changes in the emission wavelength of a chiral nematic LC laser. 5, 6 For technologies such as large-area projection displays, large discontinuous shifts in the wavelength would be an undesirable effect. As shown in Ref. 5 , this behavior is found to occur for a number of film thicknesses ranging from 4 to 16 m, although the incremental change reduces as the thickness increases. Nevertheless, studies have shown that if the thickness increases above a critical limit the threshold and slope efficiency of the LC laser decreases. 7, 8 Consequently, the purpose of this report is to present a remedy to this problem by doping two different chiral additives into a LC host, each one with a different dependence of the helical pitch on the temperature. Using such an approach, we find that the discontinuous changes in the laser wavelength can be removed in thin chiral nematic films.
II. SAMPLE PREPARATION
For this investigation we used a commercially available nematogen mixture ͑E49, Merck KGaA͒, which exhibited a wide temperature range. This compound was chosen because it is known to be miscible with high twisting power chiral additives 7 and because it has been shown to be a good host for LC lasers. 7, 9 The additives were BDH1281 and BDH1305, both received from Merck and no further purification was carried out. Such chiral additives are of importance because they enable 200-300 nm pitch helical structures to be formed using only a small concentration ͑1-5 wt %͒ of chiral dopant. As a result, this ensures that the macroscopic properties of the LC host are retained. The concentration of chiral dopant was chosen so that lasing at the long-wavelength band edge occurred within the range of 600-620 nm at 30°C. Due to the fact that BDH1281 has a slightly higher twisting power than BDH1305, a higher concentration of the latter was required so that the band edge was in the correct spectral position. In order to achieve lasing, the chiral nematic mixtures were subsequently doped with a low concentration ͑2 wt %͒ of the laser dye, 4 -͑dicyanomethylene͒ -2-methyl-6-͑4-dimethylaminostryl͒-a͒ Electronic mail: smm56@cam.ac.uk.
b͒ Author to whom correspondence should be addressed. Electronic mail:
hjc37@cam.ac.uk.
4H-pyran ͑DCM, Lambda Physik͒. A list of the mixtures used in this study is provided in Table I .
III. EXPERIMENTAL PROCEDURE
Cells were constructed using indium tin oxide coated glass substrates, which were unidirectionally rubbed with a polyimide to provide an alignment layer at the boundaries between the glass substrates and the chiral nematic LC. Spacer beads were used to obtain the desired thickness of 10 m. The mixtures were capillary filled into glass cells at room temperature and the quality of the alignment was then checked using an Olympus BH2 polarizing microscope. Measurements of the reflection band were carried out using an Ocean Optics universal serial bus spectrometer with a resolution of 1.3 nm. The spectrometer was connected to the phototube of the microscope using an optical fiber and a focusing lens. The temperature of the sample was controlled to within 0.1°C using a THMS 600 hotstage ͑Linkam͒ connected to a TMS 94 controller ͑Linkam͒. Laser samples were optically excited using the second harmonic of an Nd:yttrium-aluminum-garnet laser ͑NanoT, Litron͒ with pulse widths of 5 ns and a repetition rate of 1 Hz. The pump spot size at the LC sample was of the order of 100 m.
IV. RESULTS AND DISCUSSION
An example of the discontinuous shift of the laser wavelength is presented in Fig. 1 . These results were obtained on cooling from the isotropic phase for a mixture consisting of sample A. It is shown in Fig. 1͑a͒ that the laser wavelength redshifts on cooling. In this case, the laser wavelength is confined to three spectral regions, each separated by a gap of ϳ10 nm. The three discrete regions are the result of changes in the pitch so that the cell can accommodate a one-half integer number of turns. A plot of the laser wavelength as a function of temperature is shown in Fig. 1͑b͒ for clarity where it can be seen that the wavelength varies in some regions monotonically and others as a discontinuous shift. On cooling from 80°C the wavelength redshifts continuously from 575 to 582 nm at 65°C at which point a second line at 592 nm appears. In this example, the area of the pump beam overlaps two regions with different pitches as the sample undergoes a pitch jump; dual laser lines were also observed in Ref. 5 . The initial laser line, which continues to increase monotonically, persists until T = 58°C. Meanwhile, the new laser line, initially at 592 nm, also increases in a continuous fashion as the temperature decreases until a similar effect occurs at 40°C whereby the wavelength jumps from 600 to 610 nm.
To a first approximation the laser wavelength is governed by L = n ʈ p, where n ʈ is equivalent to the refractive index parallel to the director in the corresponding bulk nematic LC and p is the pitch. Both the refractive index and the pitch are plotted as a function of temperature in Fig. 2 . As the temperature decreases the refractive index, n ʈ increases as the order parameter increases ͓Fig. 2͑a͔͒. In contrast, measurements of the pitch reveal discontinuous jumps in the value of p, which is well documented as being a pitch jump and arises due to a competition between the bulk forces of the LC and the surface forces at the glass substrates ͓Fig. 2͑b͔͒. At certain temperatures, in this case 65 and 40°C, the helical structure reorients from N turns to N Ϯ 1 / 2 turns. This is in contrast to the case of an unbounded geometry whereby the natural pitch of the helix is predicted to change continuously. It is considered that the discontinuous changes in the laser wavelength are a direct consequence of the changes in the pitch as discussed previously in Ref. 5 .
The temperature dependence of the PBG of a chiral nematic LC has been studied extensively by Belyakov and co-workers, [2] [3] [4] including the presence of a hysteretic effect observed on heating and cooling the sample. However, the exact temperature dependence of a chiral nematic is difficult to predict, since the contraction or dilation of the pitch is determined by the specific combination of the nematic LC host and the chiral dopant. 10 On heating a chiral nematic LC, the pitch can either increase or decrease due to two competing mechanisms: thermal expansion causing an increase in the pitch and an increase in the average angular separation of molecules along the helix axis causing a decrease in the pitch. In the example shown in Fig. 1 , the laser wavelength, on average, increased as a result of an increase in the pitch ͑dp / dT =−ve͒ corresponding to a thermal expansion of the structure. An example of different thermal behaviors is presented in Fig. 3 . Here the transmission spectrum for a mixture consisting of E49 doped with the chiral dopant BDH1305 ͑sample B͒ is shown for a range of temperatures on cooling from the isotropic phase ͓Fig. 3͑a͔͒. White light from the halogen bulb of a polarizing microscope was used to illuminate the sample parallel to the helix axis so that the profile of the PBG could be inspected. In this case, the PBG is observed to blueshift on cooling from the isotropic. Figure 3͑b͒ is a plot of the long-wavelength band edge, which determines the laser wavelength, as a function of temperature. The band edge is found to vary in a mixture of continuous and discontinuous steps as before ͑cf. Fig. 1͒ except that, overall, the wavelength is blueshifted from 670 to 610 nm; in this case, the average angular separation increases. Consequently, in the same nematic host the pitch of the two dopants, BDH1281 and BDH1305, exhibit different dependences on temperature: dp / dT =−ve for BDH1281 ͑thermal expansion͒, whereas dp / dT =+ve for BDH1305 ͑increase in angular separation͒.
As a result of the opposing behaviors with temperature, a mixture was then prepared consisting of E49 and both these high twisting power chiral dopants. Figure 4 is a plot of the long-wavelength photonic band edge of the resulting mixture recorded from the transmission spectrum for white light. Unlike the previous two cases, here there are no apparent discontinuous shifts in the wavelength over a temperature range of 50°C ͑from 80 to 30°C͒. This indicates that there are no significant changes in the pitch and that the change in wavelength is dominated by the thermal behavior of the refractive index. The wavelength is found to redshift from 604 nm at 80°C to 620 nm at 30°C, as shown in the inset of the figure. This is considerably less than the wavelength shift recorded for the mixtures consisting of a single dopant for a similar temperature range ͑40 nm for sample A and 68 nm for sample B͒.
With the addition of the laser dye, sample D, the laser wavelength was then monitored as a function of temperature ͑Fig. 5͒. Four emission spectra are shown corresponding to the temperatures, 30, 50, 70, and 80°C. In contrast with Fig. 1͑a͒ , and in accordance with the results presented in Fig. 4 , the shift in the laser wavelength is small and the profile of the spectra remains unchanged as the temperature is varied.
The smooth variation is seen more clearly in Fig. 5͑b͒ , which reveals an order parameter-like dependence with temperature. Over a temperature range of 55°C, from 30 to 85°C, the laser wavelength shifts by no more than 15 nm in a monotonic fashion. This differs from previous observations using thin films of chiral nematic LC. The magnitude of this effect can be varied through altering the percentage of each chiral dopant used and further investigations are being carried out to minimize the temperature dependence. It should be noted that, through the development of chiral additives with a twisting power that are temperature insensitive, the discontinuous jumps in the laser wavelength may be removed using mixtures with only a single dopant. However, the laser wavelength may still vary with temperature, monotonically, as a result of changes in the refractive index. Using the approach described in this paper using opposing dopants it may be possible to counteract the effect of refractive index and thus achieve a temperature insensitive emission wavelength of the LC laser.
V. CONCLUSIONS
In this paper, we have demonstrated that the stepwise behavior of the laser wavelength of a thin-film LC laser that is observed for samples with a temperature dependent pitch can be removed using mixtures consisting of dopants with different temperature dependences of the helical pitch. Results were compared for the temperature dependencies of the pitch for two dopants, BDH1281 and BDH1305, in the nematogen mixture E49. It was found that for E49 doped with BDH1281 that dp / dT was positive, whereas for E49 doped with BDH1305 the reverse was true. By combining these dopants into the same host, the resultant mixture was found to exhibit no stepwise behavior over the temperature range from 85 to 30°C. Instead the laser wavelength was governed by the change in the order parameter through the refractive index. Such an approach will be of importance for fabricating LC lasers for sensor and display applications.
